The influence of two variants of initial soaking at 1100°C/2 h and 1150°C/2 h and parameters of hot plastic deformation on the deformability of Fe-Ni superalloy have been presented. The hot deformation characteristics of alloy were investigated by hot torsion tests using Setaram torsion plastometer. The tests were executed at constant strain rates of 0.1 and 1.0 s -1 , and testing temperature in the range of 900 to 1150°C and were conducted until total fracture of the samples. Plastic properties of the alloy were characterized by worked out flow curves and the temperature relationships of maximum yield stresses (σ pp ) and strain limits (ε f ). The flow stress of the torsion tests showed a single peak in the flow stress-strain curves, and indicated that a dynamic recovery and recrystallization took place during the hot deformation. It was found that optimal values of flow stresses and strain limits were obtained for the alloy after its initial soaking at 1100°C/2 h and deformation in the temperature range of 1050÷950°C at strain rate 0.1 s -1 . The increase of maximum yield stresses, σ pp , and decrease of strain limit of the alloy, ε f , as the initial soaking temperature was rising up to 1150°C/2 h, with the strain rate increasing to 1.0 s -1 , was associated with a growth of the initial grain size and the degree of austenite saturation with alloying elements. The relationship between the maximum yield stresses and the Zener-Hollomon parameter (Z) was described by σ pp = A × Z n power function. Activation energy for hot working (Q) was assessed for the alloy after two variants of initial soaking, i.e. 1100°C/2 h and 1150°C/2 h and amounted, respectively, 442 kJ/mol and 519 kJ/mol.
INTRODUCTION
The behaviour of metals and alloys during hot plastic working has a complex nature and it varies with the changing of such process parameters as [1÷4]: deformation, strain rate and temperature. The high-temperature plastic deformation is coupled with dynamic recovery and recrystallization processes which influence the structure and properties of alloys. One of crucial issues is finding the relationship between the hot plastic deformation process parameters, microstructure and properties. Since the sixties of the last century, theoretical and experimental investigations have been carried out to find those interdependence for steels and nickel alloys.
The Fe-Ni superalloys precipitation hardened by intermetallic phase of γ′-Ni 3 (Al, Ti) type are one of the groups of construction materials intended for operation in cryogenic and elevated temperature. These alloys are difficult to deform and are characterized by high values of yield stress at a high temperature. High deformation resistance of Fe-Ni alloys is caused by a complex phase composition, high activation energy for hot working and a low rate of dynamic recrystallization. When choosing the conditions for hot plastic working of Fe-Ni alloys, the following factors should be considered [5÷9]: the matrix grain size, plastic deformation parameters and the course of the recrystallization process. The grain size is of particular importance. Grain refining leads to an increased rate of recovery and dynamic recrystallization and to a smaller diameter of recrystallized grains. That is important, because the grain refinement in Fe-Ni superalloys has an advantageous influence on increasing their yield point and fatigue strength [10÷12] .
In the presented study, research has been undertaken on the influence of two variants of initial soaking and the parameters of hot plastic working on the characteristics of deformability in a hightemperature creep resisting Fe-Ni alloy. It is assumed that the results obtained will be used for optimizing hot plastic working processes and forecasting the microstructure and functional properties of products made of Fe-Ni superalloys.
MATERIAL AND PROCEDURE
The examinations were performed on rolled bars, 16 mm in diameter, of an austenitic A-286 type alloy. The chemical composition is given in Table 1 .
In order to model the conditions of alloy heating prior to plastic processing, the investigations were carried out on samples after initial soaking at high temperature. The samples for investigations were made from rolled bars sections which were subjected to two variants of preheating, i.e. 1100°C/2 h and 1150°C/2 h with subsequent cooling in water. Heat treatment of this type corresponds to the soaking parameters of the investigated superalloy before hot plastic processing [5÷8, 13] .
The research on the alloy deformability was performed in a hot torsion test on a Setaram torsion plastometer 7 MNG. The plastometric tests were performed every 50°C in a temperature range of 900÷1150°C, with a constant holding time of 10 minutes at the defined temperature. Solid cylindrical specimens (Ø6.0×50 mm) were twisted at a rotational speed of 50 and 500 rpm, which corresponds to the strain rate of 0.1 and 1.0 s -1 , respectively. To freeze the structure, the specimens after deformation until failure were directly rapid cooled in water (Fig. 1) .
The data obtained in the plastometric torsion test were entered in an Excel spreadsheet in the form of columns containing the recorded values. Processing of the measured data by means of filtration, cutting, shrinking and planishing was conducted using the Matlab 6 program. A correction of the torque moment, due to diversified rotational speed values and increase of the sample temperature during 
where: M -recorded torque moment, Nm, M‴ -corrected torque moment value, Nm, ∆M‴ -torque moment correction taking account of a joint action of speed and temperature, Nm, N -number of sample torsion, Ṅ -given torsion speed, rpm, Ṅ r -recorded rotational speed, rpm, T -deformation temperature, °C, ∆T -temperature increment during torsion, °C, A, B, C, D, E, F -material constants.
The corrected data constituted a basis for the determination of equivalent deformation ε as a function of the number of the sample rotations during torsion [14÷17]:
where: R ̅ -equivalent radius corresponding to 2/3 of the outer radius R of the sample, L -measured sample length. Yield stress σ p was determined according to relation (5) taking account of the corrected torque moment M‴, sample radius R, parameters m, p and axial force
where: p -strain sensitivity index, m -strain rate sensitivity index. On the flow curves determined, the following parameters characterising plastic properties of the alloy in the torsion test were defined: -σ pp -maximum yield stress on the flow curve, -ε p -deformation corresponding to the maximum yield stress, -σ f -stress at which the sample is subject to failure, -ε f -deformation at which the sample is subject to failure, the so-called strain limit.
Relations between the yield stress and alloy deformation, and the deformation conditions were described using the Zener-Hollomon parameter Z [18, 19] :
where: ε̇ -strain rate, Q -activation energy for hot working, Rmolar gas constant, T -temperature, and A, α, n -constants depending on grade of the investigated material. The activation energy for hot working Q was determined in accordance with the procedure specified in the work by Schindler and Bořuta [20] . The solution algorithm consisted in transforming equation (6) to the following form:
Further procedure was based on solving equation (7) by a graphic method with the application of a regression analysis.
RESULTS AND DISCUSION
The application of two variants of initial solution heat treatment simulating the heating conditions allowed diversifying significantly the initial microstructure of the Fe-Ni alloy before hot plastic deformation. The alloy in its initial state differed primarily in the average grain size. After solution heat treatment under the conditions of 1100°C/2 h/w., in the alloy microstructure presence was found of twinned austenite with medium-size grain (Ā = 2120 μm 2 ) with a small amount (ca. 0.3 wt %) of insoluble particles (Fig. 2a) . The increasing of the solution heat treatment temperature to 1150°C at an analogous soaking time resulted in an increase of the austenite grain (Ā = 6296 μm 2 ) and a reduction in the quantity and size of undissolved primary particles (Fig. 2b) .
The plastometric investigations, in the form of the calculated alloy flow curves at temperatures of 900÷1150°C for two options of initial soaking are shown in Figures 3 and 4 . The results obtained for the option of initial soaking at 1100°C/2 h and strain rate 0.1 s -1 showed a single peak in the flow stress-strain curves, and indicated that a recovery and dynamic recrystallization took place during the hot deformation (Fig. 3) . High deformation values were obtained for the alloy in a wide range of torsion temperatures, i.e. 950÷1100°C. An increase of strain rate to 1.0 s -1 results in a significant increase of yield stress values and a distinct decrease of the alloy deformability at all temperatures analysed. This phenomenon can be explained by a higher speed of the alloy strengthening and too slow removal of the strengthening as a result of dynamic recovery and recrystallization.
An increase of the initial soaking temperature to 1150°C/2 h significantly reduces the alloy deformability for the two strain rates, both at low and high deformation temperatures (Fig. 4) . In this case, fairly high deformation values were obtained for the alloy in a narrow range of torsion temperatures, i.e. 1000÷1050°C. Such behaviour of the alloy may be explained by a larger growth of austenite grains at this soaking temperature and, consequently, lower recovery and dynamic recrystallization rates. The values determined for the maximum yield stress σ pp , maximum deformation ε p , stress until failure σ f and strain limit ε f depending on the temperature and strain rate are provided in Table 2 and presented in Figures 5÷8 .
For the option of initial soaking at 1100°C/2 h and torsion speed of 0.1 s -1 , the alloy under discussion shows a contiuous drop of σ pp from values 277 MPa at a temperature of 900°C to the value of 81 MPa at 1150°C (Fig. 5) . The strain limit ε f rises initially together with the torsion temperature, reaching the maximum of 3.19/3.14 at 1000÷1050°C, and then falls (Fig. 7 ). An increase of the strain rate to 1.0 s -1 results in an increase of σ pp to maximum values of 367 MPa at the temperature of 900°C (Fig. 5 ) and a decrease of the 
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Maximum yield stress spp strain limit to the maximum of 2.47/2.34 at 1000÷1050°C (Fig. 7 ). An increase of the alloy initial soaking temperature to 1150°C/2 h at a strain rate of 0.1 s -1 results in a slight increase of σ pp to maximum values of 293 MPa at 900°C (Fig. 6 ) and decrease of ε f to the maximum of 2.92÷2.93 in the range of 1000÷1050°C (Fig. 8 ). An increase of the torsion speed to 1.0 s -1 results in further increase of the σ pp value to maximum values of 370 MPa at 900°C (Fig. 6) , and decrease of ε f to the maximum values of 2.89/1.75 at the temperature of 1000÷1050°C (Fig. 8) .
The activation energy for hot working Q was calculated by the means of a computer programme Energy 3.0 [20] . The activation energy, Q, necessary to initiate dynamic recrystallization in the Fe-Ni alloy, was determined on the basis of the linear dependencies presented in Figure 9 . The activation energy, Q, of hot plastic working for the Fe-Ni alloy depends on the temperature of initial soaking and equals as follows: -Q = 441.8 kJ/mol -for initial alloy soaking 1100°C/2 h, -Q = 518.7 kJ/mol -for initial alloy soaking 1150°C/2 h.
The higher value of the activation energy, Q, of hot plastic working for the alloy after initial soaking at 1150°C/2 h can be justified by higher values of the maximum yield stress σ pp , a larger growth of the initial austenite grain and a higher degree of matrix saturation with alloying elements.
The dependencies between maximum yield stress σ pp and Zener Hollomon Z parameter are presented in Figure 10 . For both options of initial soaking, a power dependence (R 2 = 0,98) of the alloy yield stress was obtained as a function of the Z parameter. So determined function dependencies between the maximum yield stress σ pp and the Z parameter had a form of power function: -for the alloy after initial soaking 1100°C/2 h:
-for the alloy after initial soaking 1150°C/2 h:
Higher values of the Z parameter for the alloy after initial soaking at 1150°C/2 h result from higher values of the hot working activation energy Q.
SUMMARY
The flow curves of the investigated Fe-Ni superalloy in the temperature range of 900÷1150°C at a strain rate of 0.1 and 1.0 s -1 have a shape characteristic of a material in which dynamic recovery and recrystallization processes take place. Indexes of plastic properties of the alloy during hot plastic deformation depend significantly on the temperature of initial soaking and torsion parameters.
The best combination of the maximum yield stress σ pp and strain limit ε f was obtained for an alloy after initial soaking at 1100°C/2 h and a strain rate of 0.1 s -1 in the temperature range of 1050÷950°C. The use of a higher initial soaking temperature, namely 1150°C/2 h, and a higher strain rate of 1.0 s -1 is not recommended due to prob- lems in the recovery and dynamic recrystallization processes, and due to a decrease of the alloy plasticity. For both variants of initial soaking was found a significant influence of the deformation parameters on the maximum yield stress of the alloy. The dependence between the maximum yield stress σ pp and the Zener-Hollomon parameter Z was described with a power function in the following form: σ pp = A×Z n . The tested superalloy has a high activation energy of the hot working Q, with the energy value depending on the conditions of initial soaking. For the alloy after initial soaking at 1100°C/2 h, the estimated activation energy in the range of the applied deformation parameters was Q = 442 kJ/mol. In the case of alloy deformation after initial soaking at 1150°C/2 h, the activation energy was higher and amounted to Q = 519 kJ/mol.
